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Our objective was to determine the effect of ultrasonics on biodiesel production from soybean oil. In this
study, ultrasonic energy was applied in two different modes: pulse and continuous sonication. Soybean oil
was mixed with methanol and a catalytic amount of sodium hydroxide, and the mixture was sonicated at
three levels of amplitude (60, 120, and 180μmpp) in pulsemode (5 s on/25 s off). In the continuousmode, the
same reactionmixturewas sonicated at 120μmpp for 15 s. The reactionwasmonitored for biodiesel yield by
stopping the reaction at selected time intervals and analyzing the biodiesel content by thermogravimetric
analysis (TGA). The results were compared to a control group, inwhich the same reactant compositionwas
allowed to react at 60 C for intervals ranging from 5 min to 1 h without ultrasonic treatment. It was
observed that ultrasonic treatment resulted in a 96% by weight isolated yield of biodiesel in less than 90 s
using the pulse mode, compared to 30-45 min for the unsonicated control sample with comparable yields
(83-86%). In the pulse mode, the highest yield (96%) was obtained by sonicating the mixture at 120 μmpp
amplitude. In the continuous sonication mode, the highest biodiesel yield was 86% by weight, which was
obtained in 15 s.
Introduction
Althoughvegetable oils, such as soybeanoil, have long been
considered as fuel for diesel engines,1 such oils cannot be used
directly in standard diesel engines because of their high
molecular mass, kinematic viscosity, and poor atomization
properties, as well as problems with lubrication and carbon
deposition because of incomplete combustion.2 These issues
can be resolved by dilution, micro-emulsification, pyrolysis,3
and transesterification with methanol, with the last approach
being used most commonly in industry.4 The conversion of
plant oil to biodiesel occurs during a transesterification
process in the presence of a catalyst and heat (Figure 1). This
process requires continuousmixing at 60 C,which represents
significant energy consumption. It was reported earlier that
the transesterification reaction time can be significantly re-
duced by irradiating the reactants with ultrasonic sound
waves at room temperature.5 Ultrasonic waves are above
the normal human hearing range (18-20 kHz).6 The effect
of ultrasonic waves on liquids has been discussed in detail by
Suslick.7 Others have explained non-spherical cavitation,8
while more recently, some have studied multiphysical models
involving ultrasonics and biodiesel production.9 Peshkovsky
et al. reported the cavitation produced from shock waves,
which may have relevance to the work presented in this
study.10
When ultrasonic waves are passed through a mixture of
immiscible liquids, such as vegetable oil and methanol, ex-
tremely fine emulsions can be generated. These emulsions
have large interfacial areas, which provide more reaction sites
for catalytic action and, thus, increase the rate of the transes-
terification reaction. In the present work, ultrasonic energy
increased the reaction rate by several fold, reducing the
reaction time from approximately 30-45 min to less than
1 min. In addition, ultrasonication of liquids produces acous-
tic streaming,7,11 which further promotes good mixing of
reactants.
It has been reported by previous researchers that ultrasonic
energy can facilitate the transesterfication of oils.12-14 In
those studies, relatively low-amplitude ultrasonic generators
were studied (cleaners), which typically have amplitudes
below 10 μmpp. Even at these relatively low amplitudes, the
enhancement of the reaction rates was reported. In addition,
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others have reported the use of continuous flow systems,
wherein the energy density was 11 kJ/L (“1000 W/1.5 gal/
min”) for enhancing transesterfication.15 Again, the benefits
of ultrasonic fields were observed. In this work, we evaluated
amplitudes and energy densities that were both magnitudes
higher than those previously reported. In addition, this paper
compares the energy and operating costs of conventional
biodiesel plants to one employing an ultrasonic design.
In this work, thermogravimetric analysis (TGA) was used
to study the reaction rate of biodiesel production.16 TGA is
an experimental method for characterizing a system (element,
compound, or mixture) by measuring the changes in its
physicochemical properties as a function of the increasing
temperature. A recent study by Grewell et al. of the thermal
degradation of biodiesel and soybean oil mixtures using TGA
showed that the weight percentage of biodiesel in a mixture
consisting of soybean oil and biodiesel can be easily deter-
mined by TGA.16
The goal of the present work was (a) to obtain a high
percentage of biodiesel conversion in less time by ultrasonic
acceleration of the transesterification of soybean oil. For
this purpose, biodiesel was produced by two methods: (1)
mechanical stirring of the reactants and (2) applying ultra-
sonics to the reactants. Biodiesel conversion percentages at
various times were recorded for both methods and compared
to determine the effect of the ultrasonic energy. Another goal
of the present work was (b) to obtain a comparison of the
energy balances of the two processes.
Thus, for the first time, we report a comparison of ultra-
sonically enhanced biodiesel production to conventional bio-
diesel production with respect to speed and energy efficiency.
In addition, we study power intensities above those that have
been reported by others.7-9 This paper reports new findings in
terms of energy balance and intense power densities for the
production of biodiesel with ultrasonics.
Experimental Procedures
Materials.Thematerials used in this studywere commercially
refined soybean oil obtained fromWatkins E., Inc., IA. Sodium
hydroxide, methanol, anhydrous magnesium sulfate (MgSO4),
and hexanes were obtained from Fisher Scientific and used
without further purification. A Branson 2000 Series bench-scale
ultrasonics unit with a maximum power output of 2.2 kW and a
frequency of 20 kHz was used. The ultrasonic horn employed
was a 20 kHz catenoidal titanium horn, with a flat 13 mm
diameter face and a gain of 1:8. The booster used in this study
had a gain of 1:1.5.
Preparation of Biodiesel/Soybean Oil Mixtures from Transes-
terification through Mechanical Stirring. Mixtures were pre-
pared by collecting samples from a transesterification reaction
at specific times. In the experiments that employed conventional
mixing techniques for biodiesel production, 150mLofmethanol
was added to 6.00 g of sodium hydroxide to prepare a 0.74 M
solution. Thismixturewas continuously stirred at a temperature
of 40 C for 5 min after heating from ambient temperature
within 3-5 min to form an equilibrium mixture of sodium
methoxide/sodium hydroxide in solution. The sodium methox-
ide is the active catalytic species. This mixture was then added to
600 mL of soybean oil, which requires approximately 90 mL of
methanol to undergo 100% conversion to biodiesel (1:3 molar
ratio). However, excess methanol was employed to drive the
reaction equilibrium closer to completion. The mixture was
allowed to react at 60 C in a shaker water bath with continuous
stirring. At predetermined times, 5mLof samplewaswithdrawn
from the reaction mixture periodically. The reaction was
quenched by adding water (50 mL) and hexanes (50 mL) to
the reaction mixture. Water effectively stops the reaction by
hydrolyzing the sodium methoxide. The biodiesel and residual
soybean oil can then be extracted with hexanes. Additional
hexanes (200 mL) were added to extract biodiesel and soybean
oil. This mixture was allowed to separate for 10 min in a
separatory funnel to produce two distinct layers: the top layer
contained the biodiesel, soybean oil, and hexanes, while the
bottom layer consisted of glycerin, water, catalyst, and a small
amount of soap. After separation of the layers, the hexane
portion was slowly added to the anhydrous MgSO4 to remove
trace amounts of water. This mixture was then filtered using
Whatman 1 filter paper to remove the magnesium sulfate, and
then the filtrate was subjected to rotary evaporation to remove
the solvent. The remaining samplewas then analyzed byTGA to
determine the degree of conversion to biodiesel. For precision of
the results, all of the experiments described in this paragraph
were replicated 4 times.
To determine the effect of chamber size on the reaction rate,
mixtures were also prepared by the transesterification of 10 mL
soybean oil samples, the same reaction chamber size used in
those experiments that involved ultrasonic treatment. In these
experiments, 2.5 mL ofmethanol and 0.1 g of sodium hydroxide
were mixed to prepare a sodium methoxide solution. Sodium
methoxide solution (2.08 g) was then added to 10mLof soybean
oil. The mixture was allowed to react at 60 C in a shaker water
bath with continuous stirring. At predetermined times, the
reaction was quenched by adding water (100 mL) and hexanes
(100 mL) to the reaction mixture. As previously detailed, water
was used to stop the reaction and then the biodiesel and residual
soybean oil were extracted with additional hexanes (400 mL).
The mixture was separated in a separatory funnel and filtered as
previously detailed. The remaining sample was then analyzed by
proton nuclear magnetic resonance (NMR) spectroscopy to
determine the degree of conversion to biodiesel. For precision
of the results, all of the experiments described in this paragraph
were performed in triplicate.
It is important to note that in all of the previously detailed
experiments, the temperature of the reaction mixture was not
controlled.
Preparation of Biodiesel/SoybeanOilMixtures viaUltrasonic-
Aided Transesterification. For the experiments that evaluated
ultrasonic treatment for biodiesel production, 10mL of soybean
oil was added to a sodium methoxide solution prepared by
reacting 2.50mL ofmethanol with 0.100 g of sodium hydroxide.
The same method was used for the preparation of the sodium
methoxide/sodium hydroxide solution as explained in the pre-
vious section. The sample size was scaled to match the available
reaction chamber size for the ultrasonic horn (∼30 mL). Ultra-
sonic energy was applied in two different modes: pulse and
continuous sonication. In the pulse mode, ultrasonic energy was
applied for 5 s on and 25 s off. Thus, samples were collected at
the end of every 30, 60, 90, 120, and 150 s time interval. In other
words, a 30 s, 16.7% duty cycle was used. The pulse mode
allowed relatively high amplitudes (high intermediate dissipated
Figure 1. Transesterification reaction of oil and methanol in the
presence of sodium hydroxide as a catalyst.
(15) Towerton, G. The use of ultrasonic reactors in a small scale
continuous biodiesel process. Proceedings of the International Congress
on Acoustics, Madrid, Spain, Sept 2-7, 2007.
(16) Chand, P.; Venkat Reddy, Ch.; Verkade, J. G.; Wang, T.;
Grewell, D. Energy Fuels 2009, 23, 989–992.
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power) while not promoting excessive heating. In short, the
pulse mode allowed for the generation of intense ultrasonic
fields while maintaining a moderate average of the dissipated
power level. Three amplitude levels were studied: 60, 120, and
180 μmpp. In the continuous sonicationmode, the reactantswere
sonicated continuously for 15 s at 120 μmpp. A total of
15 reaction mixtures were prepared, and each was sonicated
for a particular time interval such as 1, 2, 3, etc., up to 15 s. The
reaction was quenched at a particular time by adding water
(50 mL) and hexanes (50 mL) immediately after ultrasonic
treatment.Mixtures of soybean oil and biodiesel were separated
as detailed in the previous section. For precision of results, all of
the experiments described in this paragraph were replicated
4 times. It is important to note that external heating was not
used in any of the ultrasonication experiments.
To identify the primary mechanisms responsible for enhan-
cing biodiesel production, additional experiments were con-
ducted, so that during sonication the temperature was maintai-
ned between 20 and 30 C with a chilled reaction chamber. The
samples were prepared with 10 mL of soybean oil, 2.5 mL of
methanol, and 0.1 g of sodium hydroxide in similar manner as
previously detailed. The temperature of the reaction mixture
was controlled using a chilled water bath. A thermocouple was
used to measure the temperature of the reaction mixture.
Ultrasonic energy was applied in pulse mode with an amplitude
of 150 μmpp, where the ultrasonic energy was applied for 5 s on
and 25 s off. The samples were collected at the end of every 30,
60, 90, 120, and 150 s time interval. For precision of results, all of
the experiments described in this paragraph were replicated
twice.
Analytical Methods. TGA was used to measure the biodiesel
and soybean oil contents in the samples. In this analysis, 10 μL
samples of biodiesel and soybean oil mixture were heated at a
constant heating rate of 10 C/min in a flow of nitrogen. The
temperature rangewas 25-500 C, and theweight loss occurring
at approximately 150 C was assigned to biodiesel, as reported
recently by Grewell et al.16 Thus, the weight loss provided the
weight percentage of biodiesel present in the sample. Similarly,
the weight loss was assigned to soybean oil at approximately
350 C, providing the weight percentage of soybean oil in the
sample. In selected samples, proton NMR spectroscopy was
also used to characterize the biodiesel conversion.
Results and Discussion
Figure 2 shows biodiesel conversion (BC) as a function of
time (t) for the conventional production method involving
heating andmixing only. It is seen that the highest conversion
to biodiesel was 97% in a reaction time of 60 min (3600 s).
When the same reaction was conducted in a smaller cham-
ber (10 mL), the highest biodiesel yield obtained was 100% in
approximately 1500 s, as seen in Figure 3. The higher yield at a
shorter time interval can be attributed to the better mixing
conditions in the smaller chamber. It is important to note that
each data point corresponds to the average of three experi-
ments, and thus, error bars are not relevant.
Figure 4 shows the biodiesel production as a function of the
transesterification time with ultrasonic treatment in the pulse
mode at three different amplitudes. Figure 4A depicts the
biodiesel conversion percentage as obtained from TGA analy-
sis at an amplitude of 60 μmpp. The highest yield obtained after
150 s is 87%. Figure 4B shows the biodiesel conversion weight
percent at an amplitude of 120 μmpp. In this case, the highest
yield obtained after 150 s is 96%.Figure 4C shows the biodiesel
conversion weight percent at an amplitude of 180 μmpp. The
highest yield obtained after 150 s is 92%. Figure 4D compares
the results of panels A, B, and C of Figure 4 in terms of their
respective rate equations. It is seen that relatively high yields
(þ85%) were achieved within 90 s and yields as high as 96%
were produced within 120 s with an amplitude of 120 μmpp. In
comparison to the control group (Figures 2 and 3), the time
required to achieve a yield above 95% is reduced from about
25 to 1.5 min using ultrasonic treatment.
This enhanced reaction kinetics depicted in Figure 4 is
believed to be related to the emulsions generated by the
ultrasonic treatment as well as the streaming effects caused
by the ultrasonic treatment. Panels A and B of Figure 5 show
the microscopic image of a reaction mixture that was soni-
cated for 15 s in continuous mode and a mixture that was
conventionallymixed for 1h, respectively. These pictureswere
taken a few seconds after sonicating/mixing the mixture. It is
seen in Figure 5A that the ultrasonically treated sample
consists of a finer emulsion compared to the conventional
mixing sample, which depicts only one of the discontinuous
phases at the same magnification. The finer emulsion is
responsible for increasing the surface area of soybean oil
and methanol interfaces, which increases the reaction rate
multiple times. When these samples were allowed to settle for
approximately 1 h, two separate layers were observed. The
upper layer consisted of biodiesel and soybean oil (if any was
left unreacted), and the lower layer was glycerin.
Figure 2. Biodiesel conversion (TGA weight percent yields) from
the transesterification of 600 mL of soybean oil via mechanical
stirring while heating at 60 C.
Figure 3.Biodiesel conversion from the transesterification of 10mL
of soybean oil via mechanical stirring while heating at 60 C.
2013
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Because reaction kinetics are temperature-dependent and
heating is a side effect of ultrasonics in liquids, the experiments
that controlled the temperature during sonication allowed for
the identification of the dominate mechanisms that enhance
biodiesel conversion. In more detail, to ensure that the
enhanced reaction rates are the result of cavitation, generation
of emulsions, and acoustic streaming and not increased
temperature, a temperature-controlled experiment was car-
ried out to allow for the separation of these effects. As seen in
Figure 6, relatively high yields (83%) of biodiesel are pro-
ducedwithin 100 s. It is seen that, despite temperature control,
the rate of conversion was very high and that within 1min the
reaction was nearly completed compared to 45 min without
the use of ultrasonics.However, it is also seen that the reaction
did not reach 100% conversion, which may have been related
to the relatively low temperature. It is important to note that,
because these experiments were completed in duplicate, error
bars are not applicable.
The highest biodiesel yield was obtained when the reac-
tants were sonicated for 150 s in the pulse mode, as detailed
in Table 1. It is seen that the highest yield was obtained with
120 μmpp amplitude. It is believed that, at the higher ampli-
tude of 180 μmpp (109 W average power during sonication),
excessive cavitation or fine bubble formation occurs at the
interface between the horn and the liquid, resulting in the
formation of an intense near-field cavitation region near
the horn. Suslick7 describes such near-fields as having high
attenuation, thus inhibiting penetration of sound waves
throughout the reaction mixture, which may be responsible
for lowering the product yield at 180 μmpp. The lower
Figure 4. (A)Biodiesel conversion (TGAweight percent yields) obtainedwith ultrasonic treatment at a pulsemode (5 s on/25 s off) of 60μm. (B)
Biodiesel conversion (TGA weight percent yields) obtained with ultrasonic treatment at a pulse mode of 120 μm. (C) Biodiesel conversion
(TGA weight percent yields) obtained with ultrasonic treatment at a pulse mode of 180 μm. (D) Comparison of biodiesel conversion (TGA
weight percent) obtained at three amplitude levels in pulse mode.
Figure 5. (A)View of the reactionmixture under amicroscope after sonication for 15 s. (B)View of the reactionmixture after transesterification
by the commercial method.
2014
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amplitude of 60 μmpp (44 W) would have required a longer
time to achieve the higher yields observed with the higher
amplitudes. It should also be noted that the temperature was
not controlled in any of these sonication experiments, and
therefore, the temperature increased at a very rapid rate
during sonication. For example, if the starting temperature
was 20 C, the temperature rose to 60 C after 15 s of
continuous sonication at 120 μmpp. Because of the 25 s off-
time between 5 s pulses, however, the temperatures for the
results in Table 3 never exceeded 60 C.
It is seen in Table 1 that to reach the superior yield of 97%
achieved by conventional heating/mixing without exceeding
the temperature of 60 C used in that approach, an amplitude
of 120 μmpp was adequate.
As shown in Figure 7, when 120 μmpp was used for
continuous sonication of the reactants, the highest biodiesel
yield (86%) was achieved after 15 s. This termination point was
dictated by the time for the temperature of the reaction mixture
to reach60 C,which is close to theboilingpointof themethanol
(65 C). If this process were to be carried out in a closed vessel,
the reaction could be carried out at a higher temperature to
increase the yield and avoid boiling of the solvent.
Figure 8 shows the weight percentage of biodiesel yields
obtained for all three methods discussed in this paper. It is
important to note that the lines are the plotted functions from
the previous models of the experimental data (equations) and
not the experimental data points. It is also important to note
that to differentiate between the treated samples and control
sample, a log/log plot was used. That is to say, without using a
log/log plot, the extreme scales of the various plot (0-60 s for
the treated samples and 0-3000 s for the control sample)
made it difficult to visualize the separate plots. It is seen that
the application of ultrasonics greatly reduces the reaction time
while maintaining good biodiesel yield. Thus, the reaction
time can be lowered to a relatively few seconds via either the
pulse or continuous sonication mode as compared to the
45-60 min required for the commercial method.
On the basis of the above results and the fact that virtually
quantitative yields of biodiesel can be achieved with basic
catalysts in batch reactors,17,18 it is believed that similarly high
yields can be obtained in a continuous sonication mode with
ultrasonic chambers designed for continuous flow systems. In
continuous flow, oil, methanol, and catalyst can be continu-
ously fed into the reactor and sonicated for 15-20 s, with
biodiesel and glycerol being released at the outlet of the
reaction chamber. It is important to note that systems devel-
oped by high-power ultrasonic equipment manufacturers
currently have such capacities.15
As previously mentioned, the second objective of this study
was to compare the energy used in the commercial and the
sonication method. The energy consumed during conven-
tional production was estimated assuming adiabatic heating.
Inmore detail, the energy required to raise the temperature of
the reaction mixture from room temperature, i.e., 20-60 C,
was estimated on the basis of adiabatic heating and applying
Figure 6.Biodiesel conversion (weight percent yields) obtained with
ultrasonic treatment at a pulsemode of 120 μmwithin a temperature
range of 20-30 C.
Figure 7. Biodiesel conversion (weight percent) from the transester-
ification of soybean oil by application of ultrasonics in continuous
sonication mode.
Table 1. Highest Biodiesel Production and Temperature for Various
Sonication Treatments in Pulse Sonication Mode for 150 s
amplitude (μmpp) 60 120 180
highest biodiesel content in the product (wt %) 87 96 92
highest temperature (C) 48 52 60
Figure 8. Comparison of biodiesel conversion (weight percent)
obtained by the commercial method, pulse sonication mode, and
continuous sonication mode (log/log plot).
(17) Venkat Reddy, Ch.; Fetterly, B. M.; Verkade, J. G. Energy Fuels
2007, 21, 2466–2472.
(18) Venkat Reddy, Ch.; Oshel, R.; Verkade, J. G.Energy Fuels 2006,
20, 1310–1314.
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the following formula:
energy ¼ CpoilFoilΔTðRÞþCpmethanolFmethanolΔTð1-RÞ
where specific heat of oil,19 Cp oil = 2269 J kg
-1 K-1, density
ofoil,Foil=0.918g/cm3, specificheatofmethanol,Cpmethanol=
2470 J kg-1 K-1, density of methanol, Fmethanol = 0.791 g/
cm3, temperature change,ΔT=40K,R is the volume fraction
of oil in the total mixture (=0.8), and total energy= 74 kJ/L
for the reaction mixture.
Assuming 97% conversion and 80% biodiesel content in
the final mixture, the final adiabatic energy required to
produce 1 L of biodiesel = 95 kJ/L.
Thus, in the adiabatic model, 74 kJ of energy is required to
raise the temperature of soybean oil and methanol to 60 C
and 95 kJ of energy is required to produce 1 L of biodiesel
using conventional mechanical mixing method. The energy
required for stirring the reactants was assumed to be insignifi-
cant and, therefore, was excluded from this calculation. The
energy consumed by the ultrasonic system was based on
integration of the power dissipation, as reported by the power
supply of the ultrasonic system, and is detailed in Table 2 for
the various conditions.
In all four experiments, the energy consumed per liter of
reaction mixture is higher than the energy consumed in the
adiabatic model. For the pulse mode with an amplitude of 120
μm, the energy consumed by 1 L of reactionmixture is 110 kJ/L
and, again assuming that the final volume fractionof biodiesel is
0.8, and the energy of transesterification is 137.5 kJ/L.
Because the previously detailed energy balance comparison
is based on fundamental principles, the assumptions may be
oversimplified. To address this issue, the energy dissipated by
ultrasonic radiation was also compared to industrially re-
ported data20-22 and is tabulated in Table 3.
Using ultrasonics, 35% less energy is used for transester-
ification. In the industrial reports referred to in Table 3, it is
estimated that 94.2 kJ of electrical energy and 90.4 kJ of steam
energy is required to produce a liter of biodiesel. In these
reports, it is stated that 100% of the steam energy (90.9 kJ) is
used for transesterfication and only a small unreported
amount of electricity is used for transesterfication. On the
basis of these reports, it is estimated that the total energy
dissipated in transesterfication is approximately 91-100kJ/L.
While the energy for commercial methods is less than the
ultrasonic method, the recovery of heat produced by ultra-
sonics, as currently practiced in industry, would increase its
efficiency. This coupled with the reduced processing timemay
prove to make this a commercially attractive technology.
Assuming that the cost of energy is $0.0135/MJ22 for
electricity and that for steam is $8/GJ,23 the total energy costs
for a 30 megagallon/year biodiesel is between $82000 and
$90 000 (again assuming that steam energy is the majority of
energy required for transesterfication). In comparison, the
costs for ultrasonics (assuming the same electrical costs and
75% efficiency24) is $281 000. While it is seen that the operat-
ing costs for ultrasonics is higher, the energy costs are within
the same order of magnitude as conventional methods. It is
important to note that the assumed electrical to mechanical
conversion is 97%, as reported by Grewell et al.,24 along with
a 25% loss of energy within the power supply (electrical to
electrical conversion). It is believed that, because the energy
costs are within the samemagnitude as conventional methods
and because of the necessity at present for a wide range of
assumptions, future demonstration plants may prove that
ultrasonics will be economical.
Conclusions
The time required to achieve a 96% yield was reduced
several fold by ultrasonic treatment in a pulse mode. Thus,
using a standardmixing system, the time required to achieve a
96% biodiesel yield was about 45 min, while in contrast, this
time was reduced to 1.5 min when ultrasonic treatment was
employed in the pulse mode. In the continuous sonication
mode, an 87% biodiesel yield was obtained in 15 s. However,
this yield was limited by the temperature rise near the boiling
point of methanol in the reaction mixture.
It was also seen that, while heating induced by ultrasonics
had a minor effect on enhancing biodiesel conversion when
ultarsonics are used during transesterification, the primary
mechanisms that enhance biodiesel conversion are related to
cavitation, generation of emulsions, and acoustic streaming.
Further experiments are underway to determine the opti-
mumamplitude for virtually quantitative biodiesel conversion
aswell as to characterize the quality of the biodiesel in termsof
purity, consistency, energy content, and gel temperature.
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steam = 90.9 kJ
total energy=185.1 kJ
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